The Hadley cell of a virtually dry snowball Earth atmosphere under equinox insolation is studied in a comprehensive atmospheric general circulation model. In contrast to the Hadley cell of modern Earth, momentum transport by dry convection, which is modeled as vertical diffusion of momentum, is important in the upper branch of the snowball Earth Hadley cell. In the zonal momentum balance, mean meridional advection of mean absolute vorticity is not only balanced by eddies but also by vertical diffusion of zonal momentum. Vertical diffusion also contributes to the meridional momentum balance by decelerating the Hadley cell through downgradient mixing of meridional momentum between its upper and lower branches. When vertical diffusion of momentum is suppressed in the upper branch, the Hadley cell strengthens by a factor of about 2. This is in line with the effect of vertical diffusion in the meridional momentum balance but in contrast with its effect in the zonal momentum balance. Neither axisymmetric Hadley cell theories based on angular momentum conservation nor eddy-permitting Hadley cell theories that neglect vertical diffusion of momentum are applicable to the snowball Earth Hadley cell. Because the snowball Earth Hadley cell is a particular realization of a dry Hadley cell, these results show that an appropriate description of dry Hadley cells should take into account vertical transport of momentum by dry convection.
Introduction
On Earth as well as other rotating planets such as Mars and Venus, the zonal-mean circulation of the tropical atmosphere is dominated by the Hadley cell. Motivated by this, the development of Hadley cell theories that capture the relation of the Hadley cell to internal parameters such as the tropopause height and the pole-toequator temperature contrast and its dependence on external parameters such as the rotation rate and the solar constant has for a long time been a vivid topic of atmospheric dynamics (e.g., Lorenz 1967; Schneider 2006) . While geophysical fluid dynamics provides the underlying equations, the challenge in constructing Hadley cell theories is to identify which terms of these equations govern the Hadley cell under investigation, and which terms can be neglected.
The long-term goal is a complete Hadley cell theory that is applicable to a wide range of climates and planetary atmospheres and incorporates the effect of latent heat release. It is sometimes stated that an important step toward this theory is the development of a Hadley cell theory for dry atmospheres (Schneider 2006) . Since there is no condensable component and hence no latent heat release in dry atmospheres, one might also assume that dry Hadley cells are easier to understand than moist Hadley cells. As a consequence, dry Hadley cells have been studied in analytical models and idealized atmospheric general circulation models (AGCMs) as described below. However, dry Hadley cells so far have not been investigated in a comprehensive AGCM, in contrast to moist Hadley cells (Satoh et al. 1995; Williams 1988a,b) . 1 This gap motivates us to examine the Hadley cell dynamics of a snowball Earth atmosphere in a comprehensive AGCM. The snowball Earth atmosphere is a particular realization of a dry atmosphere due to the high surface albedo of the completely sea ice-covered oceans and the resulting very low temperatures. The main goal of this paper is to study the zonal and meridional momentum balances of the snowball Earth Hadley cell. This enables us to check the validity of prominent dry Hadley cell theories for virtually dry snowball Earth conditions, and by this to assess the assumptions that enter these theories. Note that in this study we restrict attention to the case of equinox insolation, but we intend to repeat this study for solstice and seasonally varying insolation as outlined in the discussion section.
In this paper, we focus on the two most prominent classes of dry Hadley cell theories. The first class comprises so-called axisymmetric, nearly inviscid theories that were pioneered by Schneider (1977) and Held and Hou (1980) and recently were extended by Caballero et al. (2008) . Assuming that zonal-mean angular momentum in the upper Hadley cell branch is conserved, and combining this with thermal wind balance and the constraint of zero energy export from the Hadley cell region, these theories predict the Hadley cell strength and width in dependence of external parameters such as rotation rate and radiative equilibrium pole-toequator temperature contrast (e.g., Held and Hou 1980; Schneider 2006) .
Dropping the assumption of purely axisymmetric flow and including eddies and their momentum and heat transports yields the second class of Hadley cell theories (Schneider 2006 ) on which we focus in this paper. Including eddies is important for a complete Hadley cell theory since they are found to be important in the upper Hadley cell branch of the modern Earth atmosphere (Walker and Schneider 2006) . Theories of this class do not possess the neat feature of being analytically solvable since eddy fluxes are a priori unknown and depend on the zonal mean circulation. However, one can use idealized general circulation models to investigate dry Hadley cells (Becker et al. 1997; Walker and Schneider 2006) and to propose scaling laws for the dry Hadley cell strength and width (e.g., Walker and Schneider 2006; Korty and Schneider 2008) .
The paper is organized as follows. Section 2 describes the AGCM ECHAM5 used in this study. This description focuses on the comprehensive suite of physical parameterizations of this AGCM that distinguishes our study from previous studies with idealized AGCMs. Section 2 also outlines the simulation setup. Section 3 summarizes the main features of the zonal-mean circulation of the snowball Earth atmosphere. Section 4 analyzes the zonal and meridional momentum balances. Section 5 investigates the effect of vertical diffusion of momentum on the strength of the snowball Earth Hadley cell. Section 6 discusses the implication of our results for dry Hadley cell theories. Section 7 follows with conclusions. In the appendix we show that the zonal and meridional momentum balances are not substantially altered when the diurnal insolation cycle is included and the model's parameterization of eddy viscosity and diffusivity for stable and neutral conditions is changed.
Model and simulation setup
We use the Max Planck Institute for Meteorology atmospheric general circulation model ECHAM5.4.01 (hereafter ECHAM5). ECHAM5 is a spectral hydrostatic model supplemented with comprehensive physics parameterizations solved in gridpoint space on a Gaussian grid. The model is comprehensively documented by Roeckner et al. (2003) . We here focus on those physics parameterizations that distinguish ECHAM5 from previously used idealized AGCMs.
ECHAM5 comprises a full radiation scheme with 6 spectral bands in the shortwave and 16 bands in the longwave region. Longwave radiation is calculated by the Rapid Radiative Transfer Model (RRTM; Mlawer et al. 1997) . ECHAM5 contains separate schemes for moist and dry convection. Moist convection follows Tiedtke (1989) and Nordeng (1994) but is of little importance for the cold and virtually dry snowball Earth conditions. Dry convection will turn out to be important to the snowball Earth Hadley cell, so we briefly summarize the dry convection (or turbulence) scheme here. Turbulent surface fluxes of momentum and heat are calculated from bulk aerodynamic formulas with transfer coefficients that are obtained from Monin-Obukhov similarity theory and that depend on stability through the ''moist'' bulk Richardson number (Brinkop and Roeckner 1995) . Above the surface layer, the time tendencies due to the vertical turbulent fluxes of horizontal momentum u and y and dry static energy s are modeled by vertical diffusion following the eddy diffusion method: with density r, Earth's gravitational acceleration g, pressure p, and diffusion coefficients K m and K s . Following standard terminology, we will refer to K m and K s as eddy viscosity and eddy diffusivity, respectively. By using the eddy diffusion method, the dry convection scheme assumes that unresolved eddies transport horizontal momentum and dry static energy in the direction of the vertical gradient of the resolved flow, which we will discuss in section 6. Using a 1.5-level closure scheme (Garratt 1992) , eddy viscosity and diffusivity depend on the mixing length, the moist Richardson number, and turbulent kinetic energy (TKE). The dependence of eddy viscosity and diffusivity on the moist Richardson number is implemented by long-tail stability functions that are similar to Louis (1979) . TKE is calculated by a simplified prognostic TKE equation that uses eddy viscosity for all turbulent fluxes (Roeckner et al. 2003; Brinkop and Roeckner 1995) . The top of the boundary layer varies in time and space and is diagnosed as the maximum of two heights; the first height is based on the friction velocity and the second height is defined as the highest level with smaller dry static energy than the surface level. Note that the vertical transport of horizontal momentum and dry static energy by the dry convection scheme extends somewhat above the planetary boundary layer (PBL) owing to the model's parameterization of eddy viscosity and diffusivity. We use ECHAM5 with idealized snowball Earth boundary conditions. These boundary conditions are not chosen to represent a potential Neoproterozoic snowball Earth (Kirschvink 1992; Hoffman et al. 1998; Hoffman and Schrag 2002) , but to yield an idealized setup to study the snowball Earth Hadley cell. The surface is specified as sea ice everywhere with a surface heat capacity corresponding to 0.1-m-thick sea ice, implying small thermal inertia of the sea ice surface. The surface temperature is calculated from the balance of radiative (longwave and shortwave) and sensible and latent heat fluxes; conductive heat flux through sea ice is set to zero. Our setup therefore is equivalent to a thin ''white'' mixed-layer ocean with zero ocean heat transport. Surface roughness length is 10 23 m everywhere. Atmospheric CO 2 content is specified to 300 ppmv; CH 4 Running ECHAM5 in the idealized equinox snowball Earth conditions leads to a cold and virtually dry atmosphere owing to the high surface albedo (simulation STD). The global-mean surface temperature is 202 K with chilly equatorial surface temperatures of 220 K. The steep meridional insolation gradient produces an equatorto-pole surface temperature contrast of 90 K (Fig. 1) . This is about twice as large as for modern Earth (Peixoto and Oort 1992) . The global-mean water vapor content of 7 3 10 23 kg m 22 is about three orders of magnitudes smaller than in modern Earth's atmosphere.
Equatorward of 158, potential temperature decreases with height in the immediate vicinity of the surface, a manifestation of persistent static instability in the surface layer, and is otherwise uniform below 600 hPa. Strong vertical gradients above 550 hPa illustrate stable stratification in the upper equatorial atmosphere. Meridional potential temperature gradients in the lower atmosphere increase rapidly toward the poles and are accompanied by steep vertical gradients poleward of 458. The latter reflect a lower-atmosphere temperature inversion poleward of 458.
A lapse-rate criterion of 4 K km 21 puts the tropical tropopause at 550 hPa ( Fig. 1 ). This is in excellent agreement with the estimate of the tropopause in optically thin atmospheres given in Pierrehumbert (2010) . After a slow decrease in height between 208 and 408 latitude, the tropopause drops to the surface poleward of 458 because of the lower-atmosphere temperature inversion there. The planetary boundary layer extends to 650 hPa (;2700 m) at the equator and, in contrast to modern Earth, almost coincides with the equatorial tropopause. This is a consequence of the lack of moist convection, which on modern Earth permits the separation of the tropical tropopause and the PBL. Between 58 and 408 latitude, the planetary boundary layer ends about 200 hPa below the tropopause, again much less than on modern Earth. Poleward of 458 the boundary layer extends beyond the tropopause. There, the top of the planetary boundary layer is decoupled from the vertical profile of dry static energy and is set by the friction velocity.
The meridional circulation consists of a direct clockwise cell (seen from the east for the Northern Hemisphere) from the equator to 458, and an indirect counterclockwise cell poleward thereof (Fig. 1 ). The direct cell is subdivided into a weak deep stratospheric cell and a much stronger tropospheric cell. In the remainder of this paper, we will refer to this tropospheric cell as the snowball Earth Hadley cell, or simply as the Hadley cell. The snowball Earth Hadley cell attains its maximum inside the planetary boundary layer and is about equal in strength to the annual-mean Hadley cell of today's Earth. While the bulk of the transport is realized equatorward of 158 latitude, the snowball Earth Hadley cell exhibits a weak low-level extension to 458 latitude. These features make the snowball Earth Hadley cell similar to the dry Hadley cell in the simulations of Frierson et al. (2006) . Moreover, note that a deep stratospheric cell was also seen in the axisymmetric model of Caballero et al. (2008) . However, in contrast to Caballero et al. (2008) , our deep cell does not conserve zonal-mean angular momentum (see section 4). Below the tropopause at the upper poleward edge of the snowball Earth Hadley cell, a weak counterclockwise cell appears in the upper troposphere at around 158 latitude.
The surface zonal wind has, going from the equator to the pole, an easterly-westerly-easterly-westerly pattern ( Fig. 1) . Poleward of 458, strong vertical shear of zonal wind and meridional potential temperature gradients indicate high eddy activity that results in a jet at 658 latitude and 50 hPa. In the upper Hadley cell branch, the zonal-mean zonal wind is much too weak to conserve zonal-mean angular momentum (Schneider 2006) . This is due to zonal-mean angular momentum sinks by eddies as well as vertical diffusion, as analyzed in the next section.
Hadley cell dynamics
To investigate which processes are important for the idealized equinox snowball Earth Hadley cell, we analyze the time-mean, zonal-mean zonal and meridional momentum balances.
a. Zonal momentum balance
In spherical pressure coordinates and after taking the time and zonal mean, the steady-state primitive zonal momentum balance reads , with a thick zero contour line.
Here, f is the Coriolis parameter; u, y, and v respectively label the zonal, meridional, and pressure velocities; z is the relative vorticity; a is Earth's radius; u is latitude; and p is pressure. Overbars denote time-mean, zonal-mean quantities, and primes deviations thereof. Also,
hdiff summarizes zonal momentum tendencies due to parameterized processes. This comprises, in the following order, vertical diffusion of zonal momentum (including surface drag) as part of the dry convection scheme, cumulus friction, and horizontal diffusion. For our analysis, we calculate mean and eddy terms based on (u, y, v, z) interpolated to 31 pressure levels that are close to the model's 31 hybrid sigma levels. Tendencies due to the parameterized processes are diagnosed during the model run for each grid point, hybrid sigma level, and time step, interpolated to pressure levels using the same interpolation algorithm as for (u, y, v, z), and finally averaged over time and longitude.
In the lowest part of the atmosphere, the Coriolis force is primarily balanced by vertical diffusion of zonal momentum (Fig. 2) . Away from the surface, the zonal momentum balance in the counterclockwise cell poleward of 458 is between the Coriolis force and the meridional eddy momentum flux. In the tropics, the zonal momentum balance of the snowball Earth atmosphere differs substantially from that of modern Earth. For modern Earth, the upper Hadley cell branch shows a balance between mean meridional advection of mean absolute vorticity and eddy momentum flux divergence S (Walker and Schneider 2006) :
In the snowball Earth atmosphere this balance carries over for the deep weak cell above 550 hPa (not visible in zonal momentum balance, which can be approximated by
This balance has two implications. First, zonal-mean angular momentum is not conserved in the upper branch of the snowball Earth Hadley cell. Second, the upper branch of the snowball Earth Hadley cell is not exclusively controlled by large-scale dynamics but is also affected by the parameterized process of dry convection, showing up as vertical diffusion of zonal momentum.
b. Meridional momentum balance
In contrast to the zonal momentum balance, the steady-state primitive meridional momentum equation in spherical pressure coordinates and averaged by time and longitude contains the geopotential gradient. As a consequence and similar to modern Earth, the Coriolis force and the geopotential gradient dominate the meridional momentum balance in most regions of the snowball Earth atmosphere, implying that zonal winds are mostly in thermal wind balance. In the Hadley cell region, however, vertical diffusion of meridional momentum is important. Vertical diffusion decelerates the meridional momentum in the upper branch of the Hadley cell and accelerates the meridional momentum in the lower branch (Fig. 3) . This reduces the vertical shear of meridional momentum by downgradient momentum mixing, and the zonal wind deviates from thermal wind balance in the region of the snowball Earth Hadley cell. The meridional momentum budget there reads
Here, F denotes the geopotential and F y ydiff labels vertical diffusion of meridional momentum. Test runs have shown that the influence of vertical diffusion in the zonal as well as the meridional momentum balance does not change when the number of vertical levels is doubled.
Influence of vertical diffusion of momentum on Hadley cell strength
Motivated by the fact that the two classes of dry Hadley cell theories described in the introduction assume zero vertical diffusion of momentum in the Hadley cell's upper branch, we investigate how the strength of the snowball Earth Hadley cell changes when vertical diffusion of momentum is suppressed in its upper branch. The momentum balances propose two competing effects of vertical diffusion of momentum on the Hadley cell strength. On the one hand, the zonal momentum balance suggests that suppressing vertical diffusion of zonal momentum in the upper branch should result in a weaker Hadley cell. Because F u ydiff is negative in the upper branch, setting F u ydiff to zero must lead to a decrease of the zonalmean meridional velocity in the upper branch and thereby a weaker Hadley cell if we assume that all other terms remain the same [cf. Eq. (3)]. On the other hand, the meridional momentum balance suggests that suppressing vertical diffusion of meridional momentum should result in a stronger Hadley cell since this eliminates the decelerating meridional momentum mixing between its upper and lower branches. These considerations neglect that when vertical diffusion of momentum is suppressed, other terms of the momentum balance will adjust as well. Therefore, there is no guarantee that the response of the Hadley cell to suppressed vertical diffusion of momentum follows these considerations, and an analysis using a diagnostic equation for the mean meridional circulation (Kim and Lee 2001a,b) would certainly be helpful. However, as we show below, the response of the Hadley cell is indeed in line with these two considerations.
To suppress vertical diffusion of zonal and meridional momentum in the upper branch of the snowball Earth Hadley cell, we set eddy viscosity to zero above 870 hPa. This is readily implemented but introduces an ambiguity in the vertical diffusion of TKE, which uses eddy viscosity as diffusion coefficient (see section 2) and affects the vertical diffusion of dry static energy through the parameterization of eddy diffusivity. Since it is unclear to us whether vertical diffusion of TKE should be done FIG. 3 . Meridional momentum tendency due to vertical diffusion of meridional momentum of the idealized equinox snowball Earth atmosphere (10 25 m s 22 ; simulation STD).
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with the originally computed full eddy viscosity or the restricted eddy viscosity enforced to zero above 870 hPa, and to make sure that the response of the Hadley cell does not crucially depend on this choice, we perform simulations with one or the other choice. To check if the response of the Hadley cell follows the two considerations described above, we also perform simulations in which we only suppress vertical diffusion of either zonal or meridional momentum. We do this by using the restricted eddy viscosity for the vertical diffusion of one of the horizontal momentum components while using the full eddy viscosity for the vertical diffusion of the other component. We do not explicitly change the eddy diffusivity used for the vertical diffusion of dry static energy, but changes in the wind and temperature field as well as TKE that result from the change in eddy viscosity may lead to changes in eddy diffusivity and vertical diffusion of dry static energy compared to the control case STD. Suppressing vertical diffusion of zonal and meridional momentum above 870 hPa roughly doubles the Hadley cell strength, depending somewhat on the choice of eddy viscosity for vertical diffusion of TKE. As anticipated from the momentum balances, suppressing vertical diffusion of zonal momentum weakens the Hadley cell whereas suppressing vertical diffusion of meridional momentum strengthens the Hadley cell ( Fig. 4 ; Table 1 ). However, the weakening for suppressed vertical diffusion of zonal momentum is small compared to the strengthening for suppressed vertical diffusion of meridional momentum. When vertical diffusion of zonal momentum is suppressed, the divergence of the vertical eddy momentum flux becomes much stronger and changes such as to compensate for the loss of vertical diffusion of zonal momentum in the zonal momentum balance. As an example, this is shown in Fig. 5 for simulation U0V1T1. The vertical eddy momentum flux appears to attenuate the weakening of the Hadley cell when vertical diffusion of zonal momentum is suppressed. As a result, vertical diffusion of meridional momentum exhibits a stronger control on the Hadley cell strength than does vertical diffusion of zonal momentum. ) when vertical diffusion is suppressed above 870 hPa for (left) both zonal and meridional momentum, (middle) only zonal momentum, and (right) only meridional momentum, for simulations with (top) full and (bottom) suppressed vertical diffusion of TKE. Solid (dashed) contour lines represent clockwise (counterclockwise) circulation. Contour interval is 20 3 10 9 kg s 21 above 5 3 10 9 kg s 21 (gray filling), and 1 3 10 9 kg s 21 below 5 3 10 9 kg s 21 .
Discussion
Our simulations show that vertical diffusion of momentum plays a major role for the dynamics of the idealized equinox snowball Earth Hadley cell. Since this Hadley cell is an example of a (virtually) dry atmosphere, this has important implications for dry Hadley cells in general as discussed in the following.
Zonal-mean angular momentum is not conserved in the upper branch of the snowball Earth Hadley cell due to the influence of eddies as well as vertical diffusion. This implies that axisymmetric Hadley cell theories based on conservation of zonal-mean angular momentum (e.g., Held and Hou 1980; Caballero et al. 2008) are not applicable to this atmosphere. Interestingly, Caballero et al. (2008) already speculated that vertical diffusion of momentum, or vertical transport of momentum by dry convection, might be important for dry Hadley cells. Moreover, in contrast to what is sometimes assumed in axisymmetric Hadley cell theories (Held and Hoskins 1985) , the meridional mass transport of the snowball Earth Hadley cell is not confined to well-separated upper and lower branches. Instead, there is no significant region of nearly vanishing meridional flow in the center of the snowball Earth Hadley cell. This leads to strong meridional wind shear and makes diffusive transfer of meridional momentum between upper and lower branches possible if not inevitable.
Our simulations also differ from axisymmetric simulations with respect to the influence of vertical diffusion of momentum on the Hadley cell strength. In axisymmetric simulations, which typically use a globally uniform viscosity, decreasing viscosity weakens the Hadley cell (e.g., Held and Hou 1980; Hou 1984; Becker et al. 1997; Kim and Lee 2001b) , in line with what one expects from the zonal momentum balance. In contrast, our comprehensive AGCM exhibits a doubling of the Hadley cell strength when vertical diffusion of momentum is suppressed in the upper branch of the cell. While caution is mandatory when comparing these axisymmetric simulations to our results because our simulations do not apply globally uniform eddy viscosity and because we set eddy viscosity to zero above 870 hPa instead of decreasing it globally, we speculate that one reason for this difference is the presence of vertical eddy momentum transport in our comprehensive AGCM. By compensating, at least partly, for the loss of vertical diffusion of zonal momentum, the vertical eddy momentum transport weakens the influence of vertical diffusion of zonal momentum on the Hadley cell strength in our simulations. Fig. 2 , but when vertical diffusion of zonal momentum is suppressed above 870 hPa (simulation U0V1T1).
FIG. 5. As in
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In contrast to the atmosphere of modern Earth, the zonal momentum balance in the upper branch of the snowball Earth Hadley cell is not dominated by largescale dynamics through mean flow advection and eddy momentum fluxes, but involves vertical diffusion of zonal momentum. This calls for reconsideration of the dry Hadley cell results of Walker and Schneider (2006) and Korty and Schneider (2008) because their idealized AGCM (see Schneider and Walker 2006) fixed the planetary boundary layer at 2.5 km ('850 hPa) and neglected vertical transport by dry convection above 2.5 km, despite unstable background stratification and active dry convection up to 400 hPa. By design, this idealized AGCM hence assumes that the upper Hadley cell branch is in the free troposphere, but the exclusion of momentum mixing by dry convection in this idealized model appears too strong a simplification.
We find that in the snowball Earth atmosphere, the tropopause and the planetary boundary layer are separated by at maximum 250 hPa, leaving only little space for a free troposphere. This renders the snowball Earth atmosphere very different from modern Earth and points at a fundamental question for dry atmospheres: do dry atmospheres manage to separate the tropical tropopause from the top of the PBL, and if so, how and to what extent? Since longwave radiative cooling destabilizes the troposphere (Pierrehumbert 2010) , other processes need to provide the necessary stabilizing heating. In moist atmospheres, this task is accomplished by moist convection through latent heat release, but this mechanism is not available in dry atmospheres. If we further restrict attention to dry atmospheres that are transparent to solar radiation, which is a good approximation to the snowball Earth atmosphere (as well as the Martian atmosphere) if no atmospheric dust is present, the heating can only be achieved by some combination of dry convection and large-scale temperature advection. While the intensity of dry convection should be inversely related to the ability of the large-scale circulation to provide the heating, the exact partitioning of the heating between the two is not obvious. Interestingly, in the dry limit of the idealized AGCM of Frierson et al. (2006) , which includes a dynamic planetary boundary layer and momentum mixing by dry convection, the tropical tropopause and PBL top nearly coincide. However, as pointed out by Caballero et al. (2008) , if the Hadley cell is to transport energy meridionally, potential temperatures in the Hadley cell cannot be perfectly uniform in the vertical. In Caballero et al. (2008) , potential temperatures in the upper part of the subsiding region of the Hadley cell are warmer than they would be on a dry adiabat; this showed up as a poleward tilt of the isentropes there. We see a similar poleward tilt in our simulations, and, as in Caballero et al. (2008) , this tilt is created by the Hadley cell itself through horizontal and vertical potential temperature advection (Fig. 6 ). The Hadley cell therefore generates some static stability in the subsiding branch. While in our simulations, this is not sufficient to eliminate dry convection in the subsiding branch, it might be an important mechanism in limiting dry convection for stronger dry Hadley cells.
Our results show that studying dry Hadley cell dynamics requires a model that resolves not only the largescale circulation but also vertical momentum transport by dry convection (as done by vertical diffusion in our model) and that includes planetary boundary layer dynamics. Idealized AGCMs and dry Hadley cell theories that neglect vertical transport of momentum by dry convection should not be considered as models or theories for real dry atmospheres but should be viewed as mechanistic tools to study the role of mean flow-eddy interactions for Hadley cells. A similar point of consideration applies to the representation of radiation. Since the strength of dry convection is linked to the rate of radiative destabilization by tropospheric longwave cooling, the radiation scheme is important for the results as well. The latter suggests that when radiation is modeled by Newtonian relaxation, the choice of the background temperature strongly impacts the Hadley cell dynamics. Our results and the results of Haqq-Misra et al. (2011) show that the particular choice of parameterizing unresolved processes such as dry convection or radiation can have significant impact on the circulation. The absence of water from dry atmospheres eliminates important challenges for moist Hadley cell theories, namely moist convection and its associated vertical transport of momentum, latent heat release, and cloud formation. Nevertheless, developing a Hadley cell theory for dry atmospheres comes with its own difficulties due to the need to incorporate dry convection and the associated vertical transport of momentum. The AGCM used in our study models this transport by vertical diffusion assuming a particular parameterization for eddy viscosity and diffusivity, while there are various other parameterizations for eddy viscosity and diffusivity (see, e.g., Stull 1988) . In the appendix, we show that vertical transport of momentum by dry convection stays important when we alter the models parameterization of eddy viscosity and diffusivity for stable and neutral conditions. However, by modeling dry convection as vertical diffusion, our AGCM assumes that dry convection transports momentum and dry static energy down the local vertical gradient of the resolved flow (see section 2), while the transport might actually be upgradient, especially under convective conditions (Stull 1988) . The latter has led to the development of nonlocal schemes that include countergradient transport terms (e.g., Holtslag and Boville 1993) or use mass-flux models to represent the transport by thermals (Hourdin et al. 2002; Soares et al. 2004 ). This variety illustrates that modeling dry convection and its associated transport is an extraordinarily difficult problem, and that large-eddy simulations that explicitly resolve at least part of the momentum transport by dry convection would be a helpful tool to quantify the momentum drag due to dry convection. In any case, our results show that the vertical transport of momentum due to dry convection needs to be taken seriously when one studies dry Hadley cell dynamics.
In this light, building a Hadley cell theory for realistic dry atmospheres might not be easier than for moist atmospheres. Moreover, because dry and moist convection potentially differ in how and at which magnitude they transport momentum vertically, obtaining a dry Hadley cell theory may only be of limited use as a stepping stone toward a moist Hadley cell theory. This is not to say that we should not attempt to develop a dry theory, since this dry theory would be of great help when studying the climate dynamics of dry planetary atmospheres. Also, the quest of framing a theory that reliably describes the Hadley cell over the wide range of past and possible future climates of Earth, which differ significantly in their atmospheric moisture content, will benefit from knowing the dry limit of this theory.
We close our discussion by mentioning three directions of future investigations. First, and most importantly, repeating our study for solstice insolation would clarify if dry convection and vertical diffusion of momentum are also important for dry Hadley cell dynamics when the heating is displaced away from the equator. This is motivated (a) by Walker and Schneider (2005) , who suggest that the effect of eddies on the Hadley cell strength depends on the latitudinal insolation profile, (b) by the presence of a near-surface temperature inversion in the winter subtropics (Pierrehumbert et al. 2011 ) that might suppress dry convection in the subsiding branch of the winter Hadley cell, and (c) by indications that the Martian Hadley cell is close to the conservation of zonalmean angular momentum for solstice insolation (Haberle et al. 1993; Wilson 1997) . Second, including seasonally varying insolation would allow us to reveal if dry Hadley cells undergo monsoonlike transitions also in a comprehensive AGCM, similar to what was found by Schneider and Bordoni (2008) in an idealized dry AGCM. Third, recent observations and reanalysis datasets of Earth's atmosphere showed the existence of a low-level, low-latitude circulation that is embedded into the conventional Hadley cell of Earth (Zhang et al. 2004 (Zhang et al. , 2008 . Idealized simulations reproduced these shallow circulations (Nolan et al. 2007 ). Since the upper branch of these shallow circulations is close to the planetary boundary layer, they seem similar to the snowball Earth Hadley cell.
Conclusions
Using the comprehensive atmospheric general circulation model ECHAM5 to study the Hadley circulation of an idealized snowball Earth atmosphere under equinox insolation, we draw the following conclusions:
d The upper branch of the snowball Earth Hadley cell is strongly influenced by vertical transport of momentum due to dry convection. In our model, this shows up as vertical diffusion of momentum in the zonal and meridional momentum balances. 
APPENDIX
Additional Simulations
This appendix presents additional simulations to verify that the importance of vertical diffusion of momentum on the idealized equinox snowball Earth Hadley cell is neither a consequence of using daily-averaged insolation nor a result of using a long-tail stability function in the parameterization of eddy viscosity. These simulations are motivated by two issues. First, climate model studies showed that the planetary boundary layer over deserts exhibits a strong diurnal cycle (Medeiros et al. 2005; Randall et al. 1985) . Despite a deep PBL during the day with maximum depth near sunset, the nocturnal PBL shrinking causes the time-mean PBL in simulations with a diurnal cycle of insolation to be shallower than in simulations that use daily-averaged insolation. Since the snowball Earth, like desert regions, has a surface with low thermal inertia and dry air above, including the diurnal cycle might contract the time-mean PBL and therefore might decrease vertical diffusion of momentum in the upper branch of the snowball Earth Hadley cell.
Second, AGCMs used for numerical weather prediction and climate applications tend to generate too strong vertical diffusion in stable boundary layers compared to turbulence theory and observations. The strong diffusion is related to the choice of long-tail stability functions that do not drop to zero above the critical Richardson number Ri c 5 0.2, as suggested by Monin-Obukhov theory, but fall to zero slowly. In AGCMs, long-tail stability functions are used because they improve the simulations of the present-day climate (see Savijarvi 2009 , and references therein). The stability function applied in ECHAM5 is of this long-tail type (see section 2).
We perform simulations with enabled diurnal cycle and/or a newly implemented short-tail stability function (Table A1 ). This short-tail stability function equals the standard stability function of ECHAM5 for unstable conditions but is much smaller for neutral and stable conditions. It follows the slight modification of Zilitinkevich et al. (2002) suggested by Savijarvi (2009) :
with Ri denoting the ''moist'' Richardson number. Here, f SHORT is the same for momentum and dry static energy (Fig. A1) . In all other aspects, the simulations of this appendix are identical to simulation STD. None of these changes causes a fundamentally different Hadley cell shape. As in STD, the bulk of mass streamfunction lies within 158, with low-level extension of about 5 3 10 9 kg s 21 to 458 and a faint counterclockwise cell above. The Hadley cell strengthens by 50% compared to STD when the diurnal cycle is included (Table A1) . For daily-averaged insolation, using the short-tail stability function results in a weakening of the Hadley cell strength by 15% compared to STD. In all simulations, vertical diffusion of meridional momentum decelerates the Hadley cell by downgradient momentum mixing between upper and lower branches as in STD, although at somewhat decreased magnitude (not shown). For the zonal momentum balance, including the diurnal cycle (STD-DIUR) lowers the time-mean depth of the tropical PBL but does not diminish vertical diffusion of zonal momentum in the upper Hadley cell branch (Fig. A2) . While vertical diffusion of zonal momentum is reduced near the top of the upper Hadley cell branch when the short-tail stability function is used (SHORT, SHORT-DIUR), it remains important in the lower part of the upper branch. Therefore, there is no indication that the strong vertical diffusion of momentum in the upper branch of the snowball Earth Hadley cell is an artifact of using daily-averaged insolation or a long-tail stability function in the parameterization of eddy viscosity.
